Evaluation of adaptive management options is very crucial for successfully dealing with negative climate change impacts. Research objectives of this study were (1) to determine the proper N application rate for current practice, (2) to select a range of synthetic wheat (Triticum aestivum L.) cultivars to expand the existing wheat cultivar pool for adaptation purpose, (3) to quantify the potential impacts of climate change on wheat grain yield and (4) to evaluate the effectiveness of three common management options such as early sowing, changing N application rate and use of different wheat cultivars derived in (2) and given in the APSIM-Wheat model package in dealing with the projected negative impacts for Keith, South Australia. The APSIM-Wheat model was used to achieve these objectives. It was found that 75kg ha-1 N application at sowing for current situation is appropriate for the study location. This provided a non-limiting N supply condition for climate change impact and adaptation evaluation. Negative impacts of climate change on wheat grain yield were projected under both high (-15%) and low (-10%) plant available water capacity conditions. Neither changes in N application level nor in wheat cultivar alone nor their synergistic effects could offset the negative climate change impact. It was found that early sowing is an effective adaptation strategy when initial * Corresponding author current organisation and contacts NSW Department of Primary Industries Postal address: PO BOX 100, Beecroft, NSW, 2119 Australia Email: qunying.luo@2003.adelaide.edu.au (perpetual email), qunying.luo@dpi.nsw.gov.au Phone: 61 2 9872 0117 Fax: 61 2 9871 6941 2 soil water was reset at 25 mm at sowing but this may be hard to realise especially since a drier environment is projected.
Introduction
Impact and adaptation are key components of climate change risk assessment. While the former issue has been extensively studied the latter still needs to be comprehensively investigated. Compared with the large number of impact assessment studies, adaptation evaluation is seldom adequately assessed, even though a few studies have considered these two issues together by using process-oriented crop models (Wang et al, 1992; Qureshi and Iglesias, 1994; Seino, 1995; Brklacich and Stewart, 1995; Baethgen and Magrin; 1995; Delécolle et al., 1995; Bayasgalan et al., 1996; Rosenzweig and Iglesias, 1998; Howden et al., 1999; Reyenga et al., 1999a , Torriani et al., 2007 . However, most climate change risk assessment studies so far end with impact assessment (some examples are Aggarwal and Sinha, 1993; Barry and Geng, 1995; Tubiello et al., 1995; Pilifosova et al., 1996; Karim et al., 1996; Reyenga et al., 1999b; Luo et al., 2003; 2005a, b; Van Ittersum et al., 2003) . To some extent, the role of impact assessment is to set the scene for adaptation evaluation.
Without addressing adaptation, climate change risk assessment is incomplete. The ultimate purpose of climate change risk assessment is to identify adaptation strategies and evaluate their effectiveness in counteracting the negative climate change impacts for the sustainable development of a specific sector/region. Several factors have impeded the balanced development of adaptation studies compared with impact assessment. One concerns the considerable uncertainties in regional climate change risk assessment. The other concerns the difficulty in quantifying certain management options.
A few studies dealt with adaptation issues in Australia. Wang et al. (1992) assessed the interactive impacts of increase in CO 2 concentration and in temperature on wheat yields in Victoria. They suggested that doubling of pCO 2 to 700ppm would increase yields by 28% to 43%, but that simultaneous increases in temperature of 3 o C would decrease yields by 25% to 60% using current cultivars or cause a substantial increase in yield if a late-maturing variety from Queensland was used. Howden et al. (1999) quantified the potential impacts of climate change on wheat production and explored the benefit of early sowing at nine wheat production areas in Australia for the period centred on 2070 based on the CSIRO (1996) climate change scenarios, with atmospheric CO 2 set at 700ppm. Reyenga et al. (1999a) assessed the possible impacts of climate change and increased atmospheric pCO 2 on wheat production in southeast Queensland by applying the same source of climate change scenarios as Howden et al. (1999) . Management options such as nitrogen application and cultivar maturities were evaluated in dealing with climate change risk. It was found that N application enhanced wheat yield across all scenarios considered and that late maturity and early maturity varieties generally have lower wheat yields than standard varieties.
Similar studies were conducted in Europe. Torriani et al. (2007) quantified the potential impacts of changes in mean climate and in climate variability on crop yields in Switzerland. Increasing growing degree days (equivalent to the use of later maturity cultivar) and later sowing were evaluated in adapting to negative climate change impacts. In contrast to above mentioned process-oriented modelling approach, Reidsma et al. (2007) addressed adaptive capacity issue in Europe by adopting a statistical modelling approach.
This study aims to quantify the potential impacts of climate change on wheat grain yield and to evaluate the effectiveness of a range of management options in dealing with climate change risks in South Australia (SA) by coupling the outputs of a higher spatial and temporal resolution climate model with a wheat model. To achieve this aim, two ancillary studies were carried out before the core study. One is a sensitivity study of N application rate at sowing. The purpose of this ancillary study is to determine an appropriate N application rate to avoid haying-off and to achieve a nonlimiting N supply condition for climate change impact and adaptation studies. The other is the identification of synthetic cultivars through changes in vernalisation and photoperiod coefficients used by the wheat model to expand the cultivar pool for adaptation evaluation in addition to existing wheat cultivars included in the APSIMWheat package.
Methodologies

Study site
This study focused on Keith, which is located in the southeast of South Australia and is one of the major wheat production areas in this state. This location receives midhigh annual rainfall (468mm) with average growing season (May-Oct. inclusive) rainfall of 315mm under a Mediterranean climate.
Method
The Agricultural Production System sIMulator (APSIM)-Wheat model (version 4.1) was used in the two ancillary studies and the core study (climate change impact assessment and adaptation evaluation). The APSIM-Wheat module has been described in detail elsewhere (Keating et al., 2003; Luo, 2003) . The performance of APSIM-Wheat in the Australian environment (Keating et al., 2003) and in the South Australian environment (Luo, 2003; Yunusa et al., 2004) has been evaluated. The physiological effects of increased atmospheric CO 2 on wheat production were included in the simulations. Modifications have been made to the Wheat module through changes to radiation use efficiency (RUE), transpiration efficiency (TE) and to critical nitrogen concentration (CRC) based on experimental data (Reyenga et al., 1999a; Luo, 2003) .
Climate and soil data
Climate data
Historical daily climate data (solar radiation, maximum temperature, minimum which is an important issue in the field of climate change impact assessment. Semenov et al. (1998 ), Semenov (2007 , 2008 and Qian et al. (2004) applied and evaluated the performance of LARS-WG across a wide range of environments in the world. Figure 1 details the usage of historical climate data in this study.
Figure 1
To generate future climate change scenarios, the outputs of the CSIRO conformal cubic atmospheric model (C-CAM) for 2080 were used. C-CAM is a regional climate model with spatial resolution of 50km by 50km. The performance of the C-CAM in South Australia can be found in Suppiah et al. (2006) . Table 1 presents climate change information including changes in mean climate (mean rainfall, mean temperature, mean solar radiation) and changes in climate variability (wet spells, dry spells and temperature variability) for the growing season at Keith. Table 1 Soil data A sandy loam soil (Calcisol soil group, FAO, 1991; Calcarosol order, Australian Soil Classification, McKenzie et al., 2004 ) was used in this study. Two levels of soil depth were considered in this study: deeper soil and shallower soil. Table 2 details soil water and nitrogen parameters for each layer used by the APSIM-Wheat Model. The deeper soil has a total of 161mm plant available water capacity (PAWC) and a total of 112 kg ha-1 NO3-N and a total of 3832kg ha-1 organic N up to 130cm depth, while the shallower soil has a PAWC of 85mm and NO3-N of 80.5kg ha-1 and 2797kg ha-1 organic N in total to a depth of 70cm. The ratio between carbon and nitrogen was set to 80. For simplicity, we refer to the two levels of soil depth as high and low PAWC thereafter. It should be noted that the low PAWC condition was only used in the core study rather than in the two ancillary studies.
Table 2
Model settings and simulation experimental design
The cultivar Chara (PIRSA, 2001) was used in this simulation study. Chara is a midlate maturing cultivar and is common in SA.
Wheat can be sown at any time between April and August depending on the opening rain. Figure 2 shows the distribution of sowing time based on the 100-year historical daily climate data. It can be seen that the sowing window at this location is quite wide spanning from April to August due to the large inter-annual variability of starting rain.
Median sowing time lies between the middle and end of May. Based on this information we considered a fixed sowing time: 27 May in this study. Sowing depth is 3cm. The purpose of using fixed sowing rather than dynamic sowing (sowing rule) is to exclude the interactive effects between sowing time and climate change so that a clearer impact message can be obtained and adaptation strategies can be identified.
Figure 2
Soil nitrogen and residue were reset to initial condition at sowing. Soil water was reset to 25mm at sowing at a depth of available soil water from the top of the profile. This is equivalent to irrigation to ensure reasonable emergence rate for tracing/detecting the footprint of the impact of climate change. Other information at sowing time such as amount of nitrogen application, residue, and plant density is shown in Table 3 .
Table 3
In addition to the above general model setting and simulation experimental design, individual studies have their own specific simulation designs as detailed below:
Ancillary study 1: Identification of appropriate nitrogen application level
To exclude the interactive effects of N application rate and climate change, a nonlimiting N supply status is normally maintained for climate change risk assessment. A sensitivity study between grain yield and N application rates was conducted to achieve the non-limiting N supply condition based on 100-year historical climate data.
Nitrogen is normally applied before or at seeding, around mid-tillering and preflowering to enhance profit. In this study we considered 5 levels (0, 50, 100, 150, 200 kg ha-1) of NO3-N application at sowing. These levels of N application override the N application described in section 2.4 and in Table 3 .
Ancillary study 2: derivation of synthetic cultivars
Cultivar maturity is described in the APSIM-Wheat model by two factors: photoperiod and vernalisation sensitivity. Chara has a vernalisation sensitivity coefficient of 2.8, and a photoperiod sensitivity coefficient of 3.0. In order to expand the existing cultivar pool, we increased and decreased these two values individually at an interval of 0.5 within the ranges of these two coefficients available in the APSIMWheat model package. This resulted in five levels of photoperiod and vernalisation coefficient including Chara itself (Table 4 ). The bold figures in Table 4 are the coefficients for Chara. The others were derived from these two figures as described above. As a result there are 24 combinations of photoperiod and vernalisation coefficients which were used by the APSIM-Wheat model to identify earlier and later maturity cultivars and applied to the following adaptation study.
Table 4
Climate change risk assessment
In addition to the general model setting and simulation experimental design as described in section 2.4, some additional settings apply to climate change risk assessment. The N application rate of 75kg ha-1 was used based on the results of section 2.4.1. The atmospheric CO 2 concentration for 2080 was set to 682ppm (A2 emission scenarios under the special report on emission scenarios) in the APSIM-Wheat model. A transient increase in atmospheric CO 2 concentration was implemented in this study.
In regard to adaptation, we considered a range of common management options
• Earlier sowing (crop sown on the 13th of May which is two weeks earlier than the baseline sowing 27 May). It is widely recognised that there is a drop in grain yield due to late sowing in Australian wheat cropping systems.
• Changing N application rate (50kg ha-1 lower and higher than baseline application rate: 75kg ha-1). On the one hand, wheat crops may need a higher N supply to maintain the current C:N ratio under higher pCO 2 condition. On the other hand, a lower N application rate may be needed under a warmer and drier environment. We increased and decreased the N application rate around the baseline N application level.
• Changing wheat cultivars derived from Chara mentioned in section 2.4.2 and given in the APSIM-Wheat package including earlier and later maturity (Table   5 ). Choice of a late maturity cultivar may be effective in counteracting the negative effects of warmer environment on grain yield due to the reduction in crop life cycle especially the development stages. However, earlier maturity cultivars may be needed to match future drier conditions. These need to be tested by adopting a systematic approach. 
Ancillary studies
Yield response to nitrogen application levels
Grain yield of cv Chara responded to different levels of N application up to rate of 100kg ha-1, after which no significant response could be detected under the soil nitrogen condition considered in this study at the sowing time of 27 May (Figure 3 ). It seems that 75kg ha-1 N application at the study location (Keith) is appropriate according to the response of grain yield to nitrogen application levels at this sowing time which falls in the most likely sowing window over the period .
Figure 3
Synthetic cultivars with earlier and later maturity characteristics Table 5 shows the difference in median flowering time between synthetic cultivars and Chara based on 100-year historical daily climate data for sowing time 27 May at Keith. It can be seen that median flowering time varies from -14 (earlier) to +19 (later) days across the 24 combinations of vernalisation and photoperiod coefficient discussed earlier.
Table 6
Climate change impacts
Negative impacts of future climate change on wheat (Chara) yields were projected under both high and low PAWC conditions if adaptation options were not taken into account (Figure 4) . Under high PAWC, the simulated baseline wheat yield is 3375kg ha-1 while this value dropped to 2879kg ha-1 under the climate change scenario (2080), which is about a 15% decline. Negative impacts were also projected under low PAWC. Wheat yields of 3255kg ha-1 and 2874kg ha-1 were simulated for baseline and climate change scenario respectively. This is about a 12% decrease under the low PAWC condition. Statistical tests (t-test) were conducted to examine if significant difference exists between baseline yields and 2080 yields under high and low PAWC. Statistical tests show that significant difference exists in wheat yield between baseline and 2080 with p-value = 0.0003 for high PAWC and p-value =0.0035 for low PAWC. Figure 5 shows percentage changes of wheat grain yields in 2080 compared to baseline wheat yields across the ranges of vernalisation and photoperiod sensitivities and N application rates under the two soil water conditions (high and low PAWC) considered in this study. It can be seen that whether changing N application rate or wheat cultivar, wheat grain yield in 2080 can not be maintained at the current production level.
Grain yield response to changes in N application rate and in cultivar choice
Under high PAWC, wheat yield in 2080 decreased from 28% to 35% when 25kg ha-1
of N was applied. Decreases in wheat grain yield for 2080 range from 12% to 30% for 75kg ha-1 (baseline) and from 11% to 28% for 125kg ha-1 N application levels. Little increase in wheat yield can be achieved by increasing N application rate beyond 75kg
ha-1.
Under low PAWC, wheat grain yield decreased from 17% to 32% when 25kg ha-1 N was applied. Decreases in wheat grain yield range from 10% to 27% for baseline (75ka/ha) and from 10% to 25% for 125kg ha-1 N application rates. Once again, these two yield change ranges are very close to each other with the latter two N application rates.
Even though wheat grain yield in 2080 could not be maintained at current production level when using other cultivars, wheat yields decrease less when some mid maturing cultivars (earlier than the mid-late maturity cultivar-Chara) from the APSIM-Wheat package such as annuello, frame, yitpi, mitre and yallario and some synthetic cultivars such as vop2, v1p2, v2p0 and v2p1 were used under non-limiting N supply (75 and 125kg ha-1 N application) and high PAWC condition. Yields decrease less when the current cultivar Chara was used under non-limiting N supply and low PAWC. 
Discussion
This study quantified the potential impacts of climate change on wheat production for 2080 and evaluated the effectiveness of some common management options (early sowing, changing N application levels and use of different cultivars). It seems that early sowing (13 May: 2 wks earlier than baseline sowing 27 May) is an effective adaptation strategy in dealing with the adverse effects of climate change (Figure 4 ). This is in line with the study of Howden et al. (1999a) . However, it should be noted that initial soil water was reset at 25mm in this study to ensure a reasonable emergence rate. A drier condition for the growing season was projected by the regional climate models used in this study which implies less chance of early seasonal break (early sowing) under changed climate. In other words, the beneficial effects of early sowing may not be realised for rainfed wheat production systems under future climate conditions. This suggests that other possible adaptation options such as irrigation, itself limited by water availability and accessibility, may be needed for sustainable development of wheat production for the region under study.
Wang et al. (1992) found that substantial yield increase could be achieved if a latematuring variety from Queensland was used in wheat production systems at Horsham.
Similar results were found in Torriani et al. (2007) . However the beneficial effects of adopting late maturity cultivars were not found in Reyenga et al. (1999a) and in our study. There are a couple of reasons for this difference. Changes in rainfall were not considered in Wang et al. (1992) . Increase in rainfall was projected in the study of Torriani et al. (2007) . Under a drier environment projected by the regional climate model in our study, earlier maturity cultivars may be more favourable than later maturity cultivars especially under high PAWC.
Other management options such as soil water conservation measures (i.e. stubble retention, and zero and minimal tillage) were not considered in this study. Their effectiveness in counteracting projected negative climate change impacts needs to be quantified in the future. Changing N application time such as splitting N application at key crop phenological stages such as tillering and heading may enhance grain yield.
This and other management options need to be further investigated in the near future when addressing adaptation issues. It is important to note that this study is based on the outputs of one regional climate model. It is widely recognised that there are uncertainties between different climate models. To obtain a more comprehensive picture of climate change impacts and effectiveness of adaptation options, outputs from multiple climate models should be applied in future climate change risk assessment.
Conclusions
The APSIM-wheat model was used in this study to assess climate change risk. It was found that both changes in N application level and in wheat cultivars alone and simultaneous changes of these two factors could not bring 2080 wheat yields back to the current wheat production levels for the two soil water conditions considered due to the increase in the frequency of drought events and limited genetic resources explored in this study. This has implications for future crop management and plant breeding.
Soil water conservation practices and improvement in water use efficiency should be encouraged in future crop management. Cultivars with heat/drought tolerant genetic characteristics should be developed.
Limitations of this study arise from the use of fixed sowing rather than dynamic sowing due to the consideration of investigating the effects of sowing time on wheat production and limited choices in the APSIM-Wheat model for adjusting genetic coefficient parameters to generate more diversified synthetic cultivars for adaptation evaluation. To enhance the capacity of climate change risk assessment, crop models need to be improved.
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